A procedure for arsenic species fractionation in alga samples (Sargassum fulvellum, Chlorella vulgaris, Hizikia fusiformis and Laminaria digitata) by extraction is described. Several parameters were tested in order to evaluate the extraction efficiency of the process: extraction medium, nature and concentration (tris(hydroxymethyl)aminomethane, phosphoric acid, deionised water and water/methanol mixtures), extraction time and physical treatment (magnetic stirring, ultrasonic bath and ultrasonic focussed probe). The extraction yield of arsenic under the different conditions was evaluated by determining the total arsenic content in the extracts by ICP-AES. Arsenic compounds were extracted in 5 mL of water by focussed sonication for 30 s and subsequent centrifugation at 14,000 x g for lOmin. The process was repeated three times. Extraction studies show that soluble arsenic compounds account for about 65% of total arsenic.
Introduction
Marine organisms can accumulate high arsenic concentrations, which may be harmful to humans. Hence, arsenic species need to be measured in seafood to establish the potential threat to consumers [1] [2] [3] . It is very well known that arsenic toxicity depends not only on the total concentration but also on the chemical species in which this element is present. Inorganic arsenic species (arsenite (As(III)) and arsenate (As(V))) are more toxic than the methylated arsenicals (monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)), followed by more complex organic arsenicals (arsenobetaine (AsB), arsenocholine (AsC), tetramethylarsonium ion (TMAs + ), arsenoribosides), which are considered to be non-toxic to living organisms [4, 5] .
The main arsenic compounds found in seaweeds are arsenoribosides [5] [6] [7] , which are considered to be non-toxic. However, some algae such as Sargassum sp. are known to contain high percentages of the potentially toxic inorganic arsenic [1] . Apart from health risk assessment, arsenic speciation knowledge in algae is important in order to elucidate the arsenic cycle within the marine environment [8] . Seaweeds play an important role in the arsenic cycle in marine ecosystems. As primary producers, algae are an important link between arsenic in water and other organisms in the food chain. It has been proposed that the arsenoribosides metabolism is an arsenobetaine source for higher organisms [9] . Since some of the proposed pathways for transformation of these compounds into arsenobetaine are yet to be substantiated [10] , further investigation on the fate of arsenoribosides within marine organisms is needed to fill this knowledge gap.
Algae are very popular in the Chinese and Japanese cuisine [11] , and nowadays their use is widespread in Occidental countries, due to their high mineral content and their recognized therapeutic properties. The high arsenic levels (about several milligrams per kilogram) present in some kinds of algae make necessary the determination of total arsenic concentration, as well as the evaluation of the arsenic species present in commercial brands of algae.
Detailed information concerning analytical methods for arsenic speciation can be found in several reviews [3, 12, 13] . Most of studies were focussed on the development of hyphenated techniques [14] [15] [16] [17] . The main difficulty for arsenic speciation in solid samples is to achieve a quantitative extraction and the absence of species transformation. No systematic study of arsenic species extraction from algae has been so far reported in the literature. Many studies about arsenic in algae have used mixtures of water/methanol to extract arsenic species [3, 7, 12, [17] [18] [19] [20] [21] [22] . Even performing several extraction steps (3 or 4), arsenic recoveries are often low and variable (6-98%). Sonication is commonly used in order to improve the characteristics of solid-liquid extraction methods [3, 4, [16] [17] [18] [19] [20] [21] [22] [23] . However, few studies have used accelerated solvent extraction [3, 26] or microwave-assisted extraction [17, 24] , which have shown to give better recoveries than sonication in ultrasonic bath. Ultrasonic probe provides 100 times higher energy than the ultrasonic bath [25] , and thus its use generally allows us to reduce the extraction time. Few studies have applied an ultrasonic focussed probe for species extraction, but there are not any comparative studies that state clearly the achieved advantages. This paper has three objectives to: (1) develop an ultrasonic focussed probe assisted extraction procedure for the isolation of arsenic species from alga samples; (2) characterise and quantify the soluble arsenic fraction by ultrafiltration with 10 kDa cut-off filters; and (3) identify and quantify the toxic arsenic species present in alga samples by high performance liquid chromatography coupled to ICP-AES.
Experimental

Instrumentation
Alga samples were digested for total arsenic determination using a MARS five microwave oven (CEM Corporation, Matthews, NC, USA).
The ICP-AES instrument used was a Liberty Series II Axial Sequential ICP-AES (Varían Australia Pty Ltd., Mulgrave, Vic, Australia). Before coupling the chromatographic system, the ICP-AES working conditions were optimised using a standard solution containing 1.0 mgL -1 of manganese. The arsenic signal was then optimised using a 1.0mgL -1 arsenic standard solution.
The chromatographic system consisted of a Jasco PU-980 HPLC pump (Jasco, Tokyo, Japan) with a Rheodyne 7725 sixport sample injection valve fitted with a 100 (xL sample loop (Rheodyne, CA, USA). Separations were carried out in a Hamilton PRP-X100 (250 mm x 4. lmm, 10 (xm, Phenomenex, Torrance, CA, USA) anionic exchange column.
The chromatographic system was then coupled to the ICP-AES instrument by a polytetrafluoroethylene capillary tube (20 cm, 0.5 mm, i.d.), which connected the column outlet to the Meinhard nebuliser inlet.
Chromatographic signals were registered using a Star 800 Module Interface Box and processed using a Star software (Varian). Signal quantification was carried out in the peak area mode.
For molecular weight fractionation and algae extracts cleaning, 10 kDa cut-off filters (Millipore, Bedford, MA, USA) and an Eppendorf centrifuge 5804 R (Hamburg, Germany) were used.
The 0.45 (xm Millipore nylon filters were used to filter all the HPLC solutions.
A sonopuls ultrasonic homogenizer (Bandelin, Fungilab S.A., USA) fitted with a HF-generator HD 2200 was used to extract the samples. The homogenizer was equipped with a titanium microtip of 3 mm diameter and the power was set to 20 W. The frequency was fixed at 20 kHz.
A rotavapour R-200, with a waterbath B-490 and a vacuum system V-500 (Büchi Labortechnik AG, Flawil, Switzerland) was used to evaporate the solvent.
Reagents and standard solutions
Stock solutions of 1000 mgL -1 arsenic were prepared by dissolving the respective amount of the pure compound in deionised water (Milli-Q system, Millipore, USA). As(III) and As(V) standards solutions were prepared from NaAs0 2 and Na 2 HAsÜ4, respectively (Panreac, Barcelona, Spain), MMA from CH 3 As0 3 Na 2 (Supelco Park, Bellefonte, PA, USA) and DMA from (CH 3 ) 2 AsNa0 2 • 3H 2 0 (Fluka, Neu Ulm, Germany). The stock solutions were kept at 4 °C in the dark. Working solutions were prepared daily and then diluted with deionised water to the final concentration.
The eluent used for the separations was phosphate buffer (pH 5.5) at a concentration of 17mmolL _1 . It was prepared by mixing independent solutions of Na 2 HPÜ4 and NaH 2 P04 (Sigma Chemicals, St. Louis, MO, USA) until the desired pH was reached.
All HPLC solutions were filtered and degassed before use. HNO3 (70%), from Scharlau (Barcelona, Spain), was used to digest the samples.
The extractant mixtures were prepared from deionised water and HPLC-grade methanol (Scharlau). Other reagents were obtained from Merck (Darmstadt, Germany).
Alga samples
The reference material NIES no. 9, certified for total arsenic (115 ± 9 (xgg -1 ), was a lyophilised Sargasso material, purchased from National Institute for Environmental Studies (Tsukuba, Ibaraki, Japan). The alga samples analysed were the lyophilised Bioma-6 material (Chlorella vulgaris) provided by Umweltanalytik-Internationales Hochschulinstitut Zittau (Germany), andHijiki (Hizikiafusiformis) and Laminaria (Lam- Hijiki was triturated in a mill to a particle size of 125 (xm and Laminaria capsules were opened and placed in a polyethylene bottle before the analytical treatment.
Mineralization for total arsenic determination
Total arsenic concentrations were determined, after digestion of the samples, by direct nebulisation into ICP-AES. Digestion was carried out placing approximately 250 mg of the sample in a polytetrafluoroethylene reactor together with lOmL of nitric acid (70%, v/v) and then treated in a microwave oven for 30min, applying 225 psi of pressure and 210 °C of temperature. The digests were diluted with deionised water up to 25 mL. The total arsenic concentration was determined under the conditions summarised in Table 1 
Arsenic species determination 2.5.1. Leaching
Approximately 200 mg of alga sample were accurately weighed into a 25 mL centrifuge tube and 5 mL of deionised water were added. The tube was sonicated with the homogenizer for 30 s, then centrifuged for 10 min at 14,000 x g and the supernatant was replaced into a 50 mL round bottom flask. The extraction process was repeated two or three times, depending on total arsenic content of alga sample. Supernatants were mixed and evaporated in a rotavapour at a bath temperature of 60 °C. The residue obtained was dissolved in 4 mL of deionised water.
Ultrafiltration
Every final extract was processed through a lOkDa cut-off filter by centrifugationat 14,000 x g and 20 °Cuntilthe solution had passed through it. Finally, the filtrate was diluted to 10 mL with deionised water.
Chromatographic separation
Separation of arsenic species studied (As(III), As(V), MMA and DMA) was carried out on a Hamilton PRP-X100 column, with 17 mM phosphate buffer at pH 5.5 and 1.0 mL min -1 flow rate as mobile phase.
The dead volume of the system was determined by passing 1.0 mgL -1 lithium solution through the column. The Li + ion, which should not be retained on the column, was monitored by ICP-AES at 670.784 nm line. The dead volume of the system was calculated to be 2.19 ± 0.01 mL.
Detection
Arsenic species were detected by HPLC-ICP-AES, using the operating conditions given in Table 1 . The analytical peaks obtained were evaluated in terms of peak area by the standard addition method at 193.696 nm line.
Results and discussion
Total arsenic determination
The total arsenic content in alga samples was determined in order to evaluate the efficiency of the different procedures tested for arsenic species extraction. The results obtained are shown in Table 2 . To check the accuracy, NIES no. 9 Sargasso reference material was also analysed. The results obtained (106 ± 6 (xgg -1 ) shows that, at the 95% confidence level, there were no significant differences between the concentration found and the certified value. Therefore, the digestion method used has proven to be suitable for total arsenic determination in alga samples analysed.
Arsenic speciation
Optimisation of arsenic compounds extraction
Several experiments were carried out to extract the soluble arsenic compounds, and several parameters affecting the extraction from Sargasso material, such as solvent composition, extraction time, extractant volume and the specific method applied were tested.
The effect of extraction time was studied by varying this parameter for deionised water extraction (5 mL) applying magnetic stirring for 15 min up to 12 h. The extraction process was repeated three times. The results show a slight improvement of arsenic extraction efficiency from 15 to 30 min of magnetic stirring. However, the use of longer extraction times did not lead to better extraction efficiencies, in the range studied. For that Table 2 Total arsenic concentrations ([xgg -1 ) found in alga samples after microwave digestion and determination by ICP-AES (n = 5)
Alga
Total As ([xgg ) NIES no. 9 (Sargasso) (115 ± 9 [xgg -1 ) Hizikia Laminaria Chlorella 106 ± 6 88 ± 6 41 ± 4 39 ± 3 Table 3 Total arsenic extracted, expressed as percentage ± standard deviation (n = 3), found in CRM NIES no. 9 (Sargasso) depending on extractant nature and concentration (5 mL) and applying magnetic stirring for 30 min (three consecutive extractions) reason, an extraction time of 30 min was selected as optimum when magnetic stirring was used for arsenic extraction. In order to choose the best extractant solution for arsenic species, different solvents were tested: deionised water, phosphoric acid (0.1, 0.3 and 1.5molL _1 ), tris(hydroxymethyl)aminomethane (Tris) at pH 7.0 (0.1 and 0.3molL _1 ), methanol and water/methanol mixtures (1:1 and l:9v/v). The results (Table 3) show the absence of significant improvements for arsenic extraction in Sargasso material for all concentration levels tested when using phosphoric acid or Tris solutions, as well as for water/methanol mixture (1:1 v/v). Nevertheless, the extraction efficiency was about 50% lower when using methanol or water/methanol mixture (1:9 v/v). Therefore, itwas concluded that Sargasso material analysed contains basically water-soluble arsenic compounds (about 65% of total arsenic present), which are extracted in water or water/methanol mixture (1:1 v/v). In this material, methanol does not seem to improve the extraction of arsenic compounds.
The increase in the extractant volume from 5 to lOmL (for water and water/methanol mixture (1:1 v/v)) did not improve the extraction efficiencies for Sargasso material. Therefore, a volume of 5 mL was selected for further experiments.
The effect of ultrasonic liquid extraction (USLE) was evaluated by using an ultrasonic bath and an ultrasonic focussed probe. The experiments were carried out on Sargasso material and three consecutive extractions with 5 mL of water were performed. The results (Table 4) show the absence of significant differences between arsenic extraction efficiency (about 65% of the total arsenic content) for 30 min by magnetic stirring and 30 s by focussed probe sonication. However, slightly lower results were obtained by conventional sonication for 30 min. Table 4 Total arsenic extracted, expressed as percentage ± standard deviation (n = 3), found in CRM NIES no. 9 (Sargasso) depending on the extraction method used (three consecutive extractions with 5 mL of water) From results, several parameters were evaluated in order to optimise the extraction method by ultrasonic focussed probe. The effect of focussed sonication time was evaluated in the range from 30 to 300 s. The influence of the extractant volume (5, 8 and 10 mL) was studied by using deionised water and water/methanol mixture (1:1 v/v). The above mentioned studies were carried out on Sargasso material.
Neither medium composition nor longer sonication times led to better extraction efficiencies. No effect of extractant volume was observed for three consecutive extractions.
In order to evaluate the influence of alga nature, we proceeded to apply the extraction method by ultrasonic focussed probe developed to the other above mentioned algae. Table 5 shows the extraction efficiencies achieved for the four kinds of algae studied by using 5 mL of water and 30 s of focussed sonication (three consecutive extractions). The results also include those obtained by 30 min of magnetic stirring, in order to compare both extraction methods for all kinds of algae studied.
Arsenic concentrations found for the third extraction step in Chlorella and Laminaria algae were lower than the detection limit. Therefore, further extraction experiments were carried out by two consecutive extraction steps for these algae, which also present a lower total arsenic content.
All types of algae analysed present a similar behaviour than Sargasso material, with about 65% of total arsenic extracted. In all cases, the rest of arsenic content was found in the solid fraction.
The same results were obtained when water/methanol mixture (1:1 v/v) was used as extractant medium. According to the results obtained, the extraction method by ultrasonic focussed probe developed was considered more adequate for arsenic extraction in the different kinds of algae under research, because of the considerable reduction in the extraction time, even though samples had to be processed one by one.
Clean-up of extracts from alga samples
The final extracts obtained were processed through two cleanup methods for further HPLC analysis: filtration with 0.20 (xm Millex syringe filters and ultrafiltration through 10 kDa cut-off filters. Preliminary studies with standard solutions of arsenic species studied show the absence of arsenic losses forboth meth- ods. In order to process the samples, the syringe filters were inadequate because the filtration of 1 mL of a sample extract blocked the filters. The ultrafiltration process produced clean extracts and also allowed us to know the fraction of extracted arsenic compounds with a molecular weight lower than 10 kDa. The fraction passed through the cut-off filters was analysed by ICP-AES for determination of total arsenic content. The results show that about 100% of extracted arsenic compounds for all algae studied had a molecular weight lower than 10 kDa. Therefore, ultrafiltration process only was used as clean-up method for further experiments. Fig. 1 shows a HPLC-ICP-AES chromatogram obtained for a standard solution containing 1.0 mg L _1 of arsenic per species (As(III), DMA, MMA and As(V)). Separation of arsenic species is resolved to baseline in less than 13 min.
Chromatographic separation
Analytical characteristics were evaluated for the four arsenic compounds. The precision of the method was tested using a standard solution containing 0.50 mg L _1 of arsenic per species. The respective relative standard deviation was calculated from five replicate measurements under the conditions listed in Table 1 . They were better than 5% in all cases.
The detection limit is defined as three times the standard deviation obtained from 10 replicate blank determinations. In this method, the signal from the blank was negligible. Therefore, detection limits were calculated using a 0.25mgL -1 arsenic standard solution. Detection limits, using a 100 | JLL sample injection volume, were 22 ng of arsenic for As(III) and MMA and 16 ng for As(V) and DMA.
The chromatographic method was applied to the algae studied. The chromatograms obtained for Sargassum, Hizikia, Laminaria and Chlorella algae are shown in Fig. 2 . Two peaks can be distinguished in Chlorella sample ( Fig. 2(d) ) and one peak in the rest of algae analysed. The arsenic species were identified because of the increase in their area when arsenic species standard solutions were added. The species As(V) was identified in Sargassum, Hizikia and Chlorella samples (Fig. 2(a a Calculated by the comparison between the sum of arsenic species concentrations and total arsenic extracted.
Total arsenic certified material.
was also found in Chlorella alga (3.6 ± 0.1 min). However, no presence of the arsenic species studied was detected in Laminaria alga. The chromatogram (Fig. 2(c) ) shows the presence of an unknown arsenic species, which eluted in the dead volume. We did not find any presence of As(III) and MMA species in the algae analysed. Therefore, if these arsenic species are present, they cannot be detected with the method used. Species quantification was carried out by HPLC standard addition method and the results are shown in Table 6 . Recoveries were calculated by the comparison between the sum of arsenic species concentrations and total arsenic extracted. The arsenic recovery for Sargasso material was lower than those found for Hizikia and Chlorella algae. Therefore, sample matrix seems to be an important point to consider, because it may cause the retention of arsenic extracted on the HPLC column [26] . Another explanation for this might be that arsenic species are present at concentration levels lower than detection limits of the method.
Conclusions
In this paper, a versatile method for arsenic extraction assisted by ultrasonic focussed probe applied to speciation analysis is presented. The extraction efficiencies obtained with 30 s were comparable to those obtained for 30 min of magnetic stirring.
The algae analysed shows the presence of water-soluble arsenic compounds (about 65% of total arsenic present). Methanol or water/methanol mixture (l:9v/v) provided lower extraction efficiencies than water.
The use of cut-off filters is an adequate clean-up method for algae extracts, which provides more information on the arsenic compounds present in the samples. The fraction of arsenic compounds extracted with a molecular weight lower than lOkDa was about 100% for all samples studied.
The species As(V) was identified in Hizikia (46 ± 2 (xgg -1 ), Sargassum (38 ± 2 (xgg -1 ) and Chlorella (9 ± 1 (xgg -1 ) algae. The species DMA was also detected in Chlorella alga (13 ± 1 (xgg -1 ). However, for Laminaria alga only an unknown arsenic species was detected, which eluted in the dead volume.
From these results, it can be concluded that the use of HPLC coupled to ICP-AES is adequate for arsenic speciation in algae containing relative high arsenic levels. However, future research will focus on the coupling of hydride generation in order to enhance the sensitivity.
